To stimulate both local and systemic immune responses against Trypanosoma cruzi, Salmonella enterica serovar Typhimurium aroA was exploited as a DNA delivery system for cruzipain (SCz). In a murine model we compared SCz alone (GI) or coadministered with Salmonella carrying a plasmid encoding granulocyte-macrophage colony-stimulating factor (GII), as well as protocols in which SCz priming was followed by boosting with recombinant cruzipain (rCz) admixed with either CpG-ODN (GIII) or MALP-2, a synthetic derivative of a macrophage-activating lipopeptide of 2 kDa from Mycoplasma fermentans (GIV). The results showed that protocols that included four oral doses of SCz (GI) elicited mainly a mucosal response characterized by immunoglobulin A (IgA) secretion and proliferation of gut-associated lymphoid tissue cells, with weak systemic responses. In contrast, the protocol that included a boost with rCz plus CpG (GIII) triggered stronger systemic responses in terms of Cz-specific serum IgG titers, splenocyte proliferation, gamma interferon (IFN-␥) secretion, and delayed-type hypersensitivity response. Trypomastigote challenge of vaccinated mice resulted in significantly lower levels of parasitemia compared to controls. Protection was abolished by depletion of either CD4 ؉ or CD8 ؉ T cells. Parasite control was also evident from the reduction of tissue damage, as revealed by histopathologic studies and serum levels of enzymes that are markers of muscle injury in chronic Chagas' disease (i.e., creatine kinase, aspartate aminotransferase, and lactate dehydrogenase). Enhanced release of IFN-␥ and interleukin-2 was observed in GI and GII upon restimulation of splenocytes in the nonparasitic phase of infection. Our results indicate that Salmonella-mediated delivery of Cz-DNA by itself promotes the elicitation of an immune response that controls T. cruzi infection, thereby reducing parasite loads and subsequent damage to muscle tissues.
The etiologic agent of Chagas' disease (American trypanosomiasis) is an obligate intracellular protozoan parasite, Trypanosoma cruzi, which is transmitted by feces of reduviid insects. Chagas' disease is prevalent in almost all Latin American countries, where ϳ18 million people are infected and ϳ50,000 children and adults die every year as a result of clinical complications of T. cruzi-induced heart disease and lack of effective treatments (51) . Because of continuous population migration from areas of endemicity towards developed countries, Chagas' disease also threatens populations outside the traditional geographic boundaries (e.g., Europe, Canada, and the United States) (23) . Currently available drugs, though effective against acute infection, are highly toxic and ineffective in arresting or attenuating symptoms in chronic patients. Thus, there is an urgent need for a vaccine against T. cruzi.
T. cruzi contains a major cysteine proteinase called cruzipain (Cz), which is displayed on the surface of the parasite and also accumulates in the lysosomes located near the flagellar pocket, from where it is secreted (46) . Cz exhibits a number of attractive properties as a candidate antigen for vaccine development: (i) it is highly immunogenic in natural infection (34) ; (ii) it is present in the three main developmental stages of the parasite (i.e., epimastigote, amastigote, and trypomastigote) in all tested strains (40) ; (iii) it is a secreted antigen and its ability to cleave immunoglobulins has been proposed as an immunoescape mechanism (5); (iv) it plays an important role in the process of parasite internalization within mammalian cells (46) ; and (v) it is able to induce a protective immune response when coadministered with synthetic oligodeoxynucleotides carrying immunostimulatory CpG motifs (CpG-ODN) (17) .
Considering the portals of T. cruzi entry, skin and mucosae, the capacity of a candidate vaccine to efficiently stimulate both systemic and local immune responses would represent a real asset. This could be achieved by vaccination through the mucosal route. In this context, different strategies have been exploited to promote mucosal responses, such as antigen expression by live attenuated bacterial or viral carriers, or their coadministration with mucosal adjuvants (7, 41) . Attenuated pathogens are very attractive, since protection against the pathogen itself and immune responses specific for the heterologous antigen can be simultaneously achieved (12, 13, 15, 22, 38, 39, 54) . Bacteria can be attenuated by generating deletions in genes that are essential for either the virulence process or bacterial metabolism. The introduction of several independent attenuating deletions makes the risk of reversion as a result of recombination events almost negligible. Additional work also demonstrated that bacterial vectors can be used as a delivery system for the so-called "DNA vaccines" (19) . Traditional naked DNA vaccination is extremely inefficient, because multiple administrations and high dosages are needed. The use of bacterial carriers as a delivery system eliminates the requirement for DNA purification and allows specific targeting of antigenpresenting cells (APC). The carrier also acts as a natural adjuvant by the presence of pathogen-associated molecular patterns, such as cell wall degradation products or unmethylated microbial DNA, which promote the recruitment of innate immunity masters and APC activation through the stimulation of pattern recognition receptors (4, 14) . Thus, a local environment conducive to successful antigen processing and presentation is specifically created. Additional advantages are cost-effective large-scale production and easy administration logistics, which are essential for implementing an effective vaccination program in underdeveloped and developing countries, as those are most affected by Chagas' disease (28) .
The main goal of this work was to determine the ability of Cz-DNA immunization through a Salmonella-based delivery system to induce protection in a murine model of T. cruzi infection. Previous studies have documented the usefulness of Cz-based vaccines in eliciting protective immunity to T. cruzi (17, 44, 45) . On the other hand, Salmonella is an ideal delivery system because is easy to handle and to manipulate genetically. In addition, Salmonella can specifically target foreign antigens to APC and act as a natural adjuvant, thereby maximizing adaptive immune responses. In our novel approach, orally administered Salmonella was used as a Cz-DNA delivery system to ensure strong activation of innate immunity and efficient stimulation of both local and systemic anti-T. cruzi responses. Attempts were also carried out to further improve the efficacy of this vaccine. To this end, we evaluated mucosal immunization regimens in which animals received Salmonella carrying a plasmid coding for Cz (SCz) together with bacteria containing a granulocyte-macrophage colony-stimulating factor encoding plasmid (SGM-CSF). As an additional strategy, prime-boost protocols were established in which mice primed with SCz were subsequently boosted with recombinant Cz (rCz) coadministered with different adjuvants. Two potent adjuvants were exploited, namely, (i) CpG-ODN motifs that enhance Th1 immune responses (11, 27, 42) by stimulating Toll-like receptor 9 (TLR-9) (24), previously reported as an efficacious adjuvant for native Cz to confer protection against T. cruzi after parenteral vaccination (17) , and (ii) MALP-2, a synthetic derivative of a macrophage-activating lipopeptide of 2 kDa from Mycoplasma fermentans which acts as TLR-2/6 agonist after mucosal administration (6, 7, 41) . Our results demonstrated that Salmonella-mediated delivery of Cz-DNA, alone or in combination with a boost with rCz and CpG-ODN or MALP-2, promotes the elicitation of an immune response able to control T. cruzi infection and the collateral damage to muscle tissues.
MATERIALS AND METHODS
Native and recombinant cruzipain. Native cruzipain (nCz) was obtained from epimastigotes as previously described (10) . The expression and purification of rCz will be described elsewhere (S. I. Cazorla, et al., unpublished results). Briefly, the amplified 1,037-bp fragment (encompassing bp 367 to 1404) was digested with BamHI and XhoI and ligated into pET-23a. The resulting vector was transformed into Escherichia coli BL21(DE3) cells for expression. rCz was purified under denaturing conditions from the supernatant using a Ni 2ϩ -nitrilotriacetic acid-Sepharose matrix. Properly folded rCz was obtained by extensive dialysis against phosphate-buffered saline (PBS), purified by ion exchange, and stored at Ϫ70°C until use. Endotoxin was removed by a column of polymyxin B-agarose (Sigma, St. Louis, MO). Endotoxin levels in the final protein preparations were Ͻ100 units/mg, as determined using a Limulus amoebocyte lysate analysis kit (Whittaker Bioproducts, Walkersville, MD).
Construction of eukaryotic expression plasmids encoding Cz and GM-CSF. The purified DNA from T. cruzi was used as a template for a PCR amplification using a forward primer encompassing an initial TGA, a BamHI site, and a Kozak sequence and a reverse primer with a XhoI site and a stop codon. The amplified 1,404-bp fragment (positions 1 to 1404), which included the signal peptide and the prodomains of the protein, was digested and ligated into pCDNA 3.1(ϩ) (Invitrogen) treated with the same restriction enzymes. The resulting vector (pCDNA-Cz) was transformed into E. coli DH5 host cells. The expression of the protein in mammalian cells was analyzed by transfecting BHK-A cells with pCDNA-Cz. Briefly, BHK-A cells were transfected with 5 g of the plasmid carrying Cz, or an empty plasmid as control (pCDNA), using Lipofectamine (Gibco-BRL). After 48 h of incubation, the supernatants were collected, centrifuged to eliminate cellular debris, separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and blotted onto nitrocellulose. After blocking with 1% skin milk in Tris-HCl buffer solution, nitrocellulose was incubated with a murine polyclonal antibody raised by several inoculations with nCz and complete Freund's adjuvant. The reaction was revealed using peroxidase-conjugated goat anti-mouse immunoglobulins (Sigma) and H 2 O 2 -4-Cl-1-naphtol.
The vector LmGMSN/2 (kindly provided by P. Paglia) was used as a template for the PCR amplification of a 459-bp fragment encompassing the gene coding for the murine GM-CSF using the primers 5Ј-ATAAGAATGCGGCCGCCAT GTGGCTGCAGAATTTACTTTTC-3Ј and 5Ј-ATAAGAATGCGGCCGCTC ATTTTTGGCTTGGTTTTTTGCAT-3Ј. The resulting fragment was then digested with NotI and cloned into the NotI sites of pCMV␤ (Clontech), thereby generating pCGA2, in which the lacZ gene is replaced by the murine GM-CSFencoding gene. The corresponding expression vectors were transferred into the attenuated S. enterica serovar Typhimurium aroA 7207 strain (an S. enterica serovar Typhimurium 2337-65 derivative, hisG46 DEL407 [aroA::Tn105Tc-s6]) (25) .
Adjuvants. CpG-ODN 1826 (5Ј-TCCATGACGTTCCTGACGTT-3Ј) was synthesized under Good Manufacturing Practices conditions with a nuclease-resistant phosphorothioate backbone by Oligos Etc. (Wilsonville, OR) and used at a dose of 100 g per mouse where indicated. A derivative of the macrophageactivating lipopeptide from M. fermentans (MALP-2) was synthesized according to established protocols (37), and 0.5 g of the active moiety was employed per mouse per dose where indicated. Endotoxin was undetectable in both adjuvant preparations (Ͻ1.0 endotoxin units/mg), as determined by the Limulus test.
Immunizations and challenge studies. All studies were carried out in inbred female 6-to 8-week-old C3H/HeN mice. Each group consisted of 12 mice maintained in three cages under standard conditions. Oral administration was achieved by feeding 20 l of PBS containing 10 9 bacteria to mice that were deprived of drinking water for 2 h. Mice were immunized on days 0, 10, 20, and 30 with one of the following regimens: GI, four doses of Salmonella carrying Cz DNA (SCz); GII, four doses of SCz together with 10 9 Salmonella organisms carrying the GM-CSF-encoding vector pCGA2 (SGM-CSF); GIII, two doses of SCz on days 0 and 10 with two boosts of rCz (10 g/dose) plus CpG-ODN (100 g/dose) by the intradermal route on days 20 and 30; GIV, two doses of SCz on days 0 and 10 with two boosts of rCz (10 g/dose) plus MALP (0.5 g/dose) by the intranasal route on days 20 and 30; GV, plasmidless Salmonella (control group). Two weeks after the last immunization, half of the mice were killed by cervical dislocation and their spleens were aseptically removed, whereas the remaining animals were challenged with 50 bloodstream trypomastigotes (RA strain). We used this chronic model of T. cruzi infection in order to simulate the human chronic infection. Parasitemia was monitored by counting peripheral
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SALMONELLA AS Cz-DNA DELIVERY SYSTEM PROTECTS AGAINST T. CRUZI 325 blood parasites every 2 days with a Neubauer chamber. Mice were killed by cervical dislocation, and their organs were removed at 100 days postinfection. Antibody determination. Cz-specific serum immunoglobulin G (IgG) antibody titers were determined by enzyme-linked immunosorbent assay (ELISA) as described previously (17) . Total IgA was detected by ELISA using plates coated with anti-IgA antibodies (Sigma) and purified IgA (Sigma) for the generation of the standard curve. The amount of Cz-specific IgA present in intestinal lavage samples was determined as previously described (41) . To compensate for variations in the efficiency of recovery of secretory antibodies among animals, the Cz-specific IgA in each sample was normalized with the total IgA present in the lavage.
DTH reactions. The delayed-type hypersensitivity (DTH) test was performed 13 days after the last immunization by intradermal injection of rCz (5 g in the left footpad) or nCz (5 g in the right footpad). The thickness of both hind footpads was measured before and 48 h after the injection of antigen. Results are expressed as the difference in thickness of the corresponding footpad after and before the inoculation.
Proliferation assay and cytokine quantification. Mesenteric lymph nodes, Peyer's patches, and spleen cells from mice were aseptically removed, and cell suspensions were prepared. Cell proliferation was assayed as previously reported (17) . The production of cytokines in spleen cell supernatants was determined by capture ELISA (R&D Systems, Minneapolis, MN). To estimate the number of gamma interferon (IFN-␥)-secreting CD8 ϩ T cells, the murine IFN-␥ enzymelinked immunospot (ELISPOT) kit from BD Biosciences (San Jose, CA) was used according to the manufacturer's instructions. Colored spots were counted with a CTL ELISPOT reader and analyzed using the ImmunoSpot image analyzer software v3.2.
In vivo depletion of CD4 ؉ and CD8 ؉ T cells. The hybridomas secreting monoclonal antibody (MAb) anti-CD4 (GK1.5; rat IgG2a) or anti-CD8 (53.6.7; rat IgG2a) were kindly provided by Gerardo Mirkin (University of Buenos Aires). Antibodies were purified by chromatography on a MonoQ column using Á KTA (GE Healthcare, Buckinghamshire, England). At days Ϫ3 and Ϫ4 before challenge, SCz-immunized (GI) mice were treated with daily intraperitoneal injections of 1 mg of anti-CD4 MAb, anti-CD8 MAb, or isotype-matched rat IgG. Seven days after challenge, each mouse received one additional dose of the corresponding MAb or control IgG. The efficacy of the depletion was estimated by flow cytometry analysis of spleen cells and found to be Ͼ90% and Ͼ99% for CD4 ϩ and CD8 ϩ cells, respectively. Measurement of muscle damage. Muscle injury was evaluated through the determination of a panel of myopathy-linked enzyme markers. Serum levels of creatine kinase (CK), aspartate aminotransferase (AST), and lactate dehydrogenase (LDH) were measured at 100 days postinfection. The assays were done with UV spectrophotometry following the specifications of the kit's manufacturer (Wiener Lab, Buenos Aires, Argentina). In addition, skeletal muscles (quadriceps) were removed from control, immunized, and infected mice on day 100 after trypomastigote challenge. The organs were rinsed with PBS and fixed for 24 h in 10% buffered formalin. Fixed tissues were embedded in paraffin, sectioned, stained with hematoxylin-eosin, and examined by light microscopy. A blind histological test of quadriceps was done, analyzing 10 microscope fields in 10 slices of each organ.
Statistical analysis. The statistical analysis was carried out with the Prisma 3.0 software (GraphPad, San Diego, CA) using a one-way analysis of variance for proliferation, cytokine, antibody, and enzyme assay results and the parasitemia data. All the comparisons were referred to the empty vector control group (GV). P values of Ͻ0.05 were considered significant.
RESULTS

Eukaryotic expression of Cz.
A eukaryotic expression plasmid was engineered by insertion of the Cz gene, including the signal peptide and the prodomain, into the plasmid pCDNA3.1 between the BamHI and the XhoI sites. We analyzed mammal expression of Cz by transient transfection of BHK-A cells with the pCDNA3.1 vector encoding Cz. The presence of Cz in the supernatant of BHK-A cells cultured for 48 h was confirmed by Western blot analysis with a murine polyclonal anti-nCz antibody. These results showed not only that Cz is expressed by mammalian cells transfected with our vector, but also that the recombinant protein is released into the culture medium. This is expected in turn to facilitate the elicitation of an immune response following vaccination.
Vaccination with Salmonella carrying Cz-DNA results in the elicitation of a humoral immune response. To analyze whether Salmonella carrying Cz-DNA is able to elicit an immune response, mice were orally immunized with four doses of SCz (GI). To evaluate if the performance of this DNA vaccine could be fine-tuned, a group of mice received SCz coadministered with Salmonella carrying GM-CSF (SGM-CSF) (GII). We also analyzed the effect of establishing prime-boost protocols in which mice orally primed with SCz were boosted with rCz coadministered with either CpG-ODN (GIII) or MALP-2 (GIV) by an intradermal or intranasal route, respectively. Blood samples were taken 2 weeks after the last immunization, and the specific IgG antibodies against Cz were measured by ELISA (Fig. 1A) . Cz-specific serum antibodies were stimulated in all mice receiving SCz and were not detected in animals receiving Salmonella carrying an empty vector. These antibodies were capable of cross-recognizing both native and recombinant Cz (data not shown). The coadministration of SGM-CSF (GII) greatly increased Cz-specific IgG responses. The mice primed with SCz and boosted by intradermal route with rCz plus CpG-ODN showed the highest , whereas boosting with rCz plus MALP by the intranasal route did not improve significantly the level of Cz-specific serum IgG over that observed in mice that received SCz alone (Fig. 1A) . We then evaluated in intestinal lavage fluids whether the vaccination regimens were able to stimulate Cz-specific secretory IgA (sIgA). The obtained results showed that Czspecific sIgA was detected in all vaccinated animals; nevertheless, only in mice from GI were the levels significantly higher compared to the control (Fig. 1B) . By and large, these results show that Salmonella, as a delivery system for a Cz-based DNA vaccine, can induce an antibody-specific response at both the mucosal and systemic levels.
Salmonella-mediated DNA vaccination with Cz induces a Th1-biased immune response. To obtain an overview of the dominant Th pattern stimulated following immunization, the titers of the major Cz-specific IgG isotypes were determined. The results showed that in all vaccination groups IgG2a was the main isotype, suggesting that a Th1 dominant response was promoted by all protocols (Fig. 1C) . Cz-specific IgG1 was also detected in animals from GII, GIII, and GIV; however, the values were statistically different compared to the control group only in mice boosted with rCz and adjuvants (GIII and GIV). Then, the ability of the vaccination protocols to promote antigen-specific cellular responses was assessed in spleen and gut-associated lymphoid tissue (GALT). A proliferative response of splenocytes was detected in all immunized animals after in vitro restimulation with either rCz (Fig. 2A) or nCz (data not shown). In contrast, when we analyzed the cellular responses stimulated at the level of GALT, only mice immunized with SCz showed a significant proliferative response in both mesenteric lymph nodes and PeyerЈs patches (Fig. 2A) . These results suggest that SCz immunization is sufficient per se to trigger a Cz-specific cellular immune response at both systemic and mucosal levels.
To further characterize the cellular responses stimulated by different vaccination protocols, we quantified by capture ELISA the concentration of the Th1-associated cytokine IFN-␥ in the supernatant fluids of spleen cells, mainly CD4 ϩ derived, restimulated in vitro with rCz (Fig. 2B ) or nCz (data not shown). Splenocytes from mice primed with SCz and boosted with rCz plus CpG-ODN produced significantly higher levels of IFN-␥ (1,255 Ϯ 292 pg/ml) than those detected in the other four experimental groups. These results confirm our previous report (17) in which CpG-ODN administered intramuscularly with nCz was able to induce a strong IFN-␥ response. Despite the importance of CD4 ϩ Th1 in the provision of help for cell-mediated responses in Chagas' disease, CD8 ϩ T cells seem to play a critical role in the control of T. cruzi infection (2). Thus, we determined by ELISPOT assay the number of IFN-␥-secreting cells present after in vitro restimulation of CD4 ϩ -depleted splenocytes with rCz (Fig. 2C) . The obtained results showed an incremental increase in the number of antigen-specific IFN-␥-secreting cells in all immunization groups with 33-, 53-, 19-, and 24-fold-higher spot counts (GI to GIV, respectively) than those observed in control mice. The highest values were observed in animals receiving SCz alone or together with SGM-CSF (P Ͻ 0.01 and 0.001, respectively). These results suggest that in the immunization groups receiving four doses of SCz (GI and GII) a higher number of cytotoxic CD8 ϩ T cells is induced compared to the groups receiving only two doses (GIII and GIV).
Skin tests were also performed in immunized mice to investigate the efficacy of the different vaccination regimens in terms of stimulating delayed-type responses in vivo. Thirteen days after the fourth immunization, the thickness of the hind footpads was measured before and 48 h after intradermal injection of 5 g of rCz (left footpad) or nCz (right footpad). Both nCz and rCz evoked a significant delayed-type hypersensitivity response, but only in mice primed with SCz and boosted intradermally with rCz plus CpG-ODN (Fig. 3) . As expected, the 
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SALMONELLA AS Cz-DNA DELIVERY SYSTEM PROTECTS AGAINST T. CRUZI 327 hypersensitivity reaction was 2.3 times stronger after injection of the recombinant protein (0.16 mm) than after using native Cz purified from parasites (0.07 mm). Taken together, these results show that a vaccination protocol based on four oral doses of SCz (GI) mainly triggered a strong mucosal response characterized by the presence of Czspecific sIgA (Fig. 1B) and T cells in the GALT (Fig. 2A) , with a comparatively weaker systemic response. In contrast, the protocols in which mice were boosted with rCz plus CpG (GIII) elicited a stronger systemic response in terms of serum IgG (Fig. 1A and C) , splenocyte proliferation ( Fig. 2A) , IFN-␥ secretion (Fig. 2B) , and delayed-type hypersensitivity (Fig. 3) .
SCz-based immunization protocols are able to control T. cruzi infection. To determine if the different vaccination strategies were able to promote protection against T. cruzi, 15 days after the last immunization mice were challenged by the intraperitoneal route with bloodstream trypomastigotes, and the individual parasitemia levels were assessed (Fig. 4 ). An important decrease in the number of circulating parasites was observed in all immunization groups compared to control mice (i.e., plasmidless Salmonella) during the acute phase of infection. In vaccinated mice, the parasitemia was significantly lower (P Ͻ 0.01) between days 16 and 28 postchallenge, when the control group reached the highest level. The differences in parasitemia among the immunization groups GI to GIV were not statistically significant. These results are somehow surprising, since mice in GI and GII, which had a weaker systemic immune response, were also able to control infection. This suggests that when mice are challenged with parasites, effector lymphocytes located at the mucosal level rapidly respond and migrate to effector sites in order to destroy the parasites.
Although the analysis of the immune responses showed differences at the level of systemic or mucosal stimulation among mice receiving the different immunization protocols, the immunoprotection against T. cruzi challenge was similarly efficient in all groups. These observations led us to investigate the immune response in a nonparasitic stage of the infection. To this end, on day 100 after the challenge, spleen cells were in vitro stimulated with a complex soluble antigen (F105) from T. cruzi. Surprisingly, cytokine production differed from that observed prior to trypomastigote challenge. Before challenge, GIII (SCz plus rCz-CpG) exhibited the highest splenic level of IFN-␥, whereas 100 days after challenge the level of secreted IFN-␥ was almost negligible. In contrast, animals in GI (SCz), which had no detectable IFN-␥ before challenge (Fig. 3B) , showed the highest levels of both IFN-␥ (1,364.0 Ϯ 350.5 pg/ml) and IL-2 (174.0 Ϯ 29.9 pg/ml) in spleen cell supernatants at a late stage after infection (Fig. 5) . This result suggests that the GI immunization protocol is able to induce a longstanding Th1-driven immune response that would be helpful in case of reactivation or reinfection.
T cells are key elements for the control of T. cruzi infection in vaccinated mice. The results of our experimental T. cruzi vaccine suggest that elicitation of protective immunity is associated with the generation of specific CD4 ϩ and CD8 ϩ T cells. To confirm this, we treated SCz -vaccinated mice (GI) with rat cruzi. Parasitemia levels of T-cell-depleted mice were significantly higher than those recorded in vaccinated control animals inoculated with rat IgG (Fig. 6A) . All vaccinated and rat IgG-treated mice survived infection, whereas 100% of the CD4 ϩ and CD8 ϩ T-cell-depleted animals died between days 17 and 20 after trypomastigote challenge (Fig. 6B) . These results show that treatment with each of the MAbs dramatically increased mouse susceptibility to infection in comparison to control animals receiving normal rat IgG. These findings indicate that in mice vaccinated with Salmonella as Cz-DNA delivery systems, both CD8 ϩ and CD4 ϩ T cells are central to efficiently reducing the number of circulating parasites and improving survival from T. cruzi infection.
SCz immunization reduces the tissue damage triggered by T. cruzi infection. We further investigated if the immunization protocols that were able to reduce parasitemia were also effective in terms of limiting tissue injury. To this end, we measured the serum levels of the cardiomyopathy-associated enzymes CK, LDH, and AST in infected mice at 100 days postinfection. Vaccinated and challenged mice exhibited a marked decrease in the level of circulating enzymes compared to animals receiving empty Salmonella (Fig. 7) . The absolute values of these myopathy-linked markers determined in immunized mice were similar to baseline levels detected in normal mouse serum (28.67 Ϯ 10.41, 1,087 Ϯ 240, and 8.6 Ϯ 4.6 IU/liter for CK, LDH, and AST, respectively). We also analyzed the effect of immunization and challenge on the tissues most affected by Chagas' disease on day 100 after infection. We were not able to identify any abnormality in hearts from vaccinated or control animals by microscopic examination. However, skeletal tissue sections stained with hematoxylin and eosin showed severe inflammatory foci and fiber muscle infarction in the control group, whereas SCz -immunized animals showed only small foci containing mononuclear cells ( Fig. 7D ; Table 1 ). The results of the skeletal muscle histology in groups GII to GIV were similar to GI (Table 1) . 
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DISCUSSION
The exploration of vaccines against T. cruzi has been widely avoided, due to the fear that such intervention would exacerbate rather than prevent an illness that many still consider to have an autoimmune etiology. However, a growing body of evidence indicates that it is the persistence of T. cruzi in diseased tissues rather than a parasite-induced immune response to self molecules which correlates best with the induction and maintenance of the inflammatory process (3, 8, 30, 31, 48, 50) . These results strongly support the fact that immune therapeutic or prophylactic interventions directed to control T. cruzi infection and parasitemia would prevent or arrest the development of Chagas' disease.
An efficient protective response against T. cruzi requires the induction of Th1 cytokines, lytic antibodies, and the concerted activities of macrophages, T helper cells, and cytotoxic T cells (1, 18, 21, 26, 33, 49, 52) and, more importantly, a careful selection of target antigens capable of eliciting the desired immune responses at a level that confers protection from infection. We have previously demonstrated that Cz isolated from T. cruzi epimastigotes coadministered with CpG-ODN is able to induce a protective immune response in acutely infected mice (17) . Nevertheless, native antigens require complex manufacturing and are considered unstable and expensive for vaccine development. In this work, we generated a recombinant Cz protein, as well as a Cz-encoding DNA plasmid, and evaluated the vaccine potential of both preparations in a murine model of T. cruzi infection.
In the attempt to construct an efficacious immunogen, we transferred the Cz expression vector into attenuated S. enterica serovar Typhimurium, which has been characterized as a successful delivery system for orally administered vaccines (12, 13, 14, 20, 22, 36, 38, 39, 54) , but it has never been tested as a delivery system for oral DNA vaccines against Chagas' disease. However, T. cruzi invades the host via mucosal surfaces. Consequently, the relevance of eliciting an efficient local immune response at the site where the first line of defense is laid is apparent. Despite this, most experimental approaches have used needle vaccines, which promote systemic rather than mucosal immunity and are poorly accepted by the public, as well as being more reactogenic than needle-free oral vaccines. Salmonella carrying Cz DNA was able to confer protection against T. cruzi, mainly by inducing a Th1-biased cell-mediated immune response, similar to that originally described for native Cz plus CpG-ODN (17) . Most probably, the activated cells were mainly CD8 ϩ T lymphocytes and NK cells, a critical source for IFN-␥ in this parasite infection (43) . Nevertheless, both CD4
ϩ and CD8 ϩ T cells are likely involved in the control of parasitemia achieved through SCz vaccination, as demonstrated by depletion studies.
Independently of the immunostimulatory capacities of the tested vaccines, every strategy applied in the present study evoked a marked decrease of acute parasitemia levels in T. cruzi-challenged mice. It can be hypothesized that Salmonellabased DNA vaccines lead to better early control of T. cruzi infection, perhaps due in part to the activation of innate factors. The adjuvant ability of Salmonella was effective in eliciting a Th1 protective response that could not be further improved by addition of well-known enhancers of innate immunity (e.g., GM-CSF, CpG-ODN, or MALP-2). An important finding of this study is that in mice receiving SCz the boost with rCz plus CpG-ODN seemed unnecessary to enhance vaccine performance. Although boosting increases humoral and cellular immunity to Cz, a weaker response was able to confer the same protection after challenge. This is important because an exacerbated immune response could raise negative effects on certain individuals, and there are reports suggesting that there is a higher risk for hepatotoxicity associated with the use of CpG-ODN (32) .
It had been previously reported that GM-CSF contributes to confer protection when coadministered with IL-12 plus different T. cruzi antigens, such as amastigote and trypomastigote surface proteins, pore-forming protein LYT1, and flagellar Ca 2ϩ -binding protein (16, 18, 53) . In the case of Cz, we were not able to greatly enhance immunoprotection against T. cruzi by coadministering Salmonella as the vehicle of a GM-CSFencoding plasmid. The reason for this discrepancy remains elusive, but codelivery of IL-12 could be a key element for optimizing genetic immunization. Other adjuvant-induced cytokines, such as IL-10 released by regulatory T cells, may have affected the vaccine efficacy, as demonstrated in murine Leishmania major infection, where high pre-and postchallenge IL-10 determined the failure of prime-boost immunization to improve host protection (47) .
When the immune profile of mice at the chronic stage of infection was explored, we found that Th1-associated cytokines (IFN-␥ and IL-2) were mainly produced upon antigen stimulation by splenocytes from mice in GI and GII. In our model, the generation and expansion of Cz-specific IFN-␥-secreting memory and effector T cells could be attributed to a persistent antigenic stimulus only achieved in those mice receiving more doses of Cz DNA-carrying bacteria, since GI and GII received four doses of SCz.
Cardiomyopathy is considered the most distinctive clinical entity associated with Chagas' disease in symptomatic chronic patients. Nevertheless, around 60% of subjects chronically infected by T. cruzi present skeletal muscle inflammatory pathology (29) . In this context, the finding that SCz-based vaccines limit skeletal muscle injury caused by a sublethal T. cruzi infection should be considered as a remarkable aspect of the immunoprotection achieved through our strategy. More specifically, murine chronic infection with the RA strain of T. cruzi is characterized by the development of neuromyopathic inflammatory lesions (35) . In our study, the serum levels of myopathy-associated enzyme markers present at 100 days postinfection were considerably lower in vaccinated animals than in nonimmunized and infected mice, exhibiting values within the normal range. This observation could be linked to the reduced number of trypomastigotes circulating in the bloodstream of vaccinated mice at early stages of infection. Severity of muscle injury in chronically infected hosts has been correlated with elevated parasitemia, tissue parasitism, and inflammatory infiltration during the acute phase of Chagas' disease. Accordingly, our histopathologic studies revealed more intense inflammation and muscle fiber damage in quadriceps from chronically infected controls than in vaccinated animals.
Taken together, our results indicate that oral immunization with Salmonella as a Cz-DNA delivery system induces a complex and efficient immune response, including humoral and cellular components, which is able to provide protection at the early stages of T. cruzi infection by drastically reducing parasitemia. As Cz is not only one of the major antigens but is also expressed in all parasite strains studied so far (9), our findings suggest that Cz-based immunization could be effective in protecting from T. cruzi infection in different regions of endemicity. More interestingly, the immunoprotection proved to be long-lasting and also effective at the chronic stage, during which the occurrence of myopathy was prevented. These observations further support the potential use of Cz, preferentially in combination with other protective antigens, in the design of future vaccines against this human pathogen. The complexity of the parasite life cycle, the expression of developmentally regulated proteins in different morphological stages, and the multifaceted manifestations of Chagas' disease caused by different T. cruzi strains render critical the identification of multiple antigenic targets. Rational development of multivalent vaccines, consisting of a synergistic mixture of diverse antigens, constitutes an attractive strategy to create broad-ranging protection against parasitic infections. This kind of vaccine has a greater amount of protective epitopes and could be effective in a larger proportion of the population. Unfortunately, given the parasite's ability to evade immune detection and survive long term in an immunocompetent host, it is unlikely that anti-T. cruzi vaccines would be effective in preventing infection (i.e., sterilizing immunity). However, vaccines capable of eliciting immune responses that are sufficient to keep the parasite burden below a threshold level would be able to control parasite-mediated immune dysregulation and tissue injury, thereby arresting the onset and progression of Chagas' disease.
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